This study reveals a new role of proline dehydrogenase in promoting p53-dependent cellular senescence via its enzymatic generation of reactive oxygen species. 
INTRODUCTION
Cellular senescence is defined as a state of irreversible growth arrest induced by genotoxic stresses, including DNA-damaging agents and reactive oxygen species (ROS), and is implicated in both tumor suppression and age-related diseases (d'Adda di Fagagna, 2008; Kuilman et al., 2010; Campisi, 2013; Salama et al., 2014; Serrano et al., 1997; Chen and Ames, 1994; Di Leonardo et al., 1994) . In response to genotoxic stresses, DNA damage response (DDR) signaling activates p53, a transcription factor essential for the initiation and maintenance of senescence (Vousden and Prives, 2009; Rufini et al., 2013) . Activated p53 induces the expression of genes involved in senescence, such as p21 and E2F7 (el-Deiry et al., 1993; Aksoy et al., 2012; Carvajal et al., 2012) . Although p21 is well known to play a critical role in the cell cycle arrest of senescent cells (Romanov et al., 2012; Noda et al., 1994) , the complete set of p53-target genes required for the senescence program remains to be elucidated (Brady et al., 2011; Valente et al., 2013) .
We have recently revealed by comparing the transcriptome between senescent and apoptotic cells that Proline dehydrogenase (PRODH) is upregulated specifically in senescent cells and shown that p53 binds to and activates the PRODH gene in response to senescence-inducing DNA damage (Nagano et al., 2016) . PRODH is a mitochondrial inner membrane-associated enzyme catalyzing the first and rate-limiting step in proline catabolism, forming  1 -pyrroline-5-carboxylic acid (P5C), and notably ROS are generated as byproducts of the reaction (Phang et al., 2008) . It has been reported that PRODH is transcriptionally activated by p53 in response to genotoxic insults, and consistent with its enzymatic function, upregulation of PRODH leads to intracellular ROS accumulation and ultimately to apoptotic cell death (Polyak et al., 1997; Raimondi et al., 2013; Donald et al., 2001; Hu et al., 2007) .
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However, ROS and the resulting oxidative damage to DNA can induce senescence as well as apoptosis (Chen and Ames, 1994; te Poele et al., 2002; Walker et al., 1991) , and our previous results obtained from comparative transcriptomics suggest that PRODH can preferentially function in senescence rather than apoptosis. Although we have observed that overexpression of PRODH in normal and tumor cells induces senescent phenotypes, such as loss of proliferative capacity and the expression of senescence-associated -galactosidase (SA--Gal) (Nagano et al., 2016) , whether and how PRODH functionally contributes to the senescence program remains uncertain.
In the present study, we explored the functional relationship between PRODH and senescence. We revealed that genetic and pharmacological inhibition of PRODH impaired DNA damage-induced senescence and overexpression of PRODH induced intracellular ROS accumulation and DNA damage.

RESULTS
Genetic and pharmacological inhibition of PRODH impaired DNA damage-induced senescence
To test the importance of PRODH in DNA damage-induced senescence, we examined the effect of PRODH knockdown in a human osteosarcoma cell line expressing the wild-type p53, U2OS cells (Fig. 1A) . The cells transfected with a PRODH siRNA pool of four different oligonucleotides were treated with etoposide, an anticancer drug that causes DNA double-strand breaks, and the extent of senescence was determined by well-established senescence markers, SA--Gal staining (Dimri et al., 1995) and loss of proliferative capacity.
We observed that a sublethal dose of etoposide (2 M) effectively induced the expression of SA--Gal activity in U2OS cells as reported previously (Nakano et al., 2013) , and, more importantly, knockdown of PRODH impaired the etoposide-induced SA--Gal activation (Fig. 1B) . To test whether PRODH depletion reverses etoposide-induced loss of proliferation capacity, we examined the growth of etoposide-treated U2OS cells by 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay (Fig. 1C) . Consistent with the decrease in SA--Gal activity, loss of proliferative capacity induced by etoposide was partially reversed by PRODH depletion. These results suggest that PRODH is positively involved in the regulation of senescence. To confirm this, we next tested the impact of inhibiting PRODH activity on senescence using L-tetrahydro-2-furoic acid (L-THFA), previously identified and characterized for the ability to inhibit enzymatic activity of PRODH (Tallarita et al., 2012) . L-THFA effectively suppressed senescence caused by etoposide treatment (Fig. 1D) . Consistently, the DNA damage-induced loss of proliferative capacity was partly reversed by L-THFA (Fig. 1E) Fig. 2A) . Furthermore, knockdown of PRODH impaired etoposide-induced SA--Gal activation of Hs68 cells as in U2OS cells (Fig. 2B,C) . In line with this, PRODH knockdown reversed the etoposide-induced loss of proliferation capacity (Fig. 2D ). In addition, pharmacological inhibition of PRODH by L-THFA also inhibited etoposide-induced senescence in Hs68 cells, as determined by SA--Gal and EdU proliferation assays (Fig. 2E,F) . These results indicate that PRODH promotes senescence in both tumor and normal cells.
PRODH induces senescence via ROS production
We next set out to determine the mechanism by which PRODH promotes senescence. Since Consistently, the increase in ROS production upon etoposide treatment was partially suppressed by co-treatment with L-THFA (Fig. 3I ). The contribution of PRODH to the ROS accumulation was further confirmed by using another ROS-sensitive dye, CM-H2DCFDA (Fig. 3J) . Knockdown of PRODH impaired the etopsodie-induced ROS accumulation. To further test whether the function of PRODH in senescence could be explained solely by ROS generation, we compared the effect of NAC and L-THFA on suppressing senescence in Hs68 cells. We found that both NAC and L-THFA also impaired etoposide-induced senescence in Hs68 cells, and combined treatment with NAC and L-THFA had no additive effect compared to single treatment with NAC (Fig. 3K,L) , suggesting that the effect of PRODH on promoting senescence is fully dependent on ROS production. It should be noted here that inhibition of PRODH did not completely prevent DNA damage-induced senescence and ROS production (Figs 1B-E, 2C,E, and 3I,J), and NAC was more effective in inhibiting senescence than L-THFA (Fig. 3K,L) . These results suggest that ROS accumulation during senescence is dependent not only on PRODH but also on other redox regulatory mechanism(s), and PRODH contributes to increase the intracellular ROS Journal of Cell Science • Advance article level beyond a threshold that triggers senescence.
Enzymatically inactive forms of PRODH failed to induce ROS accumulation and senescence
To further confirm that the effect of PRODH on senescence induction is due to its enzymatic activity, we generated two PRODH mutants with a point mutation (L441P and R453C), both of which were shown to have little enzymatic activity (<10% activity) in vitro (Bender et al., 2005) , as confirmed by the inability to increase intracellular ROS levels in contrast to wild-type (Wt) PRODH (Fig. 4A,B) . Unlike Wt-PRODH, both mutants were unable to promote senescence both in the absence and presence of etoposide (Fig. 4C,D) , which further supports the idea that PRODH induces senescence via the enzymatic ROS production.
PRODH overexpression caused DNA damage
ROS can cause DNA damage, and DDR signaling is an important initiator and sustainer of the senescent state. Given the role of PRODH in ROS production, we next tested whether PRODH overexpression induces DNA damage. For this purpose, we monitored DNA double-strand breaks using well-established markers, phosphorylated histone H2AX (H2AX) and 53BP1. Upon DNA breakage, H2AX is phosphorylated by ATM, and foci of γH2AX and 53BP1 are formed at the double strand break sites (Rogakou et al., 1999; Schultz et al., 2000) . Mitochondrial localization of hemagglutinin (HA)-PRODH was confirmed using the mitochondria-specific fluorescent dye, MitoTracker (Fig. 5A) On the other hand, the relationship between PRODH and aging-related disorders has yet to be well described, except for the contribution to the longevity in nematode (Zarse et al., 2012) . Studies in mouse models are needed to determine whether PRODH has roles in senescence and aging as well as tumor-suppression in vivo. Actually, overexpression of the antioxidant catalase targeted to mitochondria significantly delays murine age-related cardiac
Journal of Cell Science • Advance article diseases and extends lifespan, which implies that the ROS production in mitochondria exacerbates age-related disorders (Schriner et al., 2005) . Furthermore, both PRODH-deficient and -overexpressing mouse strains have been described and may be useful models for investigating the possible involvement of PRODH in these biological processes (Gogos et al., 1999; Stark et al., 2009) 
Immunoblot analysis
The cells were lysed in SDS sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 5%
2-mercaptoethanol, 0.1% bromophenol blue, 10% glycerol). The lysates were separated by SDS-polyacrylamide gel electrophoresis and blotted onto Immobilon polyvinylidene difluoride membrane (Merck Millipore). Each protein was visualized using primary antibodies, enzyme-conjugated secondary antibodies (HRP or AP), and the ECL detection reagent (GE Healthcare, Buckinghamshire, UK) or the NBT/BCIP substrate (Nacalai Tesque, Kyoto, Japan).
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Senescence assays
Detection of SA--Gal activity was performed using Senescence -Galactosidase staining kit 
RNA isolation and semi-quantitative RT-PCR
Total RNA was isolated using RNeasy Mini Kit (Qiagen) according to the manufacturer's instruction, and cDNAs were generated using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). The resulting cDNAs were subjected to PCR amplification using specific primers for PRODH (a forward primer:
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5'-CCCCAGTGCTGTGAGCTTAAT-3') and GAPDH (a forward primer:
5'-CAATGACCCCTTCATTGACCT-3' and a reverse primer:
5'-ATGACAAGCTTCCCGTTCTC-3'). The PCR products were separated by electrophoresis on a 2% agarose gel and detected by ethidium bromide staining.
Plasmid constructions
For construction of pcDNA3-HA-PRODH, an expression vector of HA-tagged human full-length PRODH (NCBI accession number NM_ 016335.4), the PRODH cDNA was amplified with a pair of primers (a forward primer:
5'-GCGAATTCACCATGGCTCTGAGGCGCGC-3' and a reverse primer:
5'-CGTCTCGAGCTAGGCAGGGCGATGGAAG-3') using a cDNA sample prepared from U2OS cells as a template. The resulting fragment was digested with Eco RI and Xho I, and cloned into downstream of the HA tag sequence in the pcDNA3-HA vector (Invitrogen, Carlsbad, CA, USA). To generate PRODH mutants (L441P and R453C), PCR reactions were performed using mutagenic primers (a forward primer:
5'-GGTGTTTTGGGGCCAAGCCCGTGCGGGGCGCATACCTG-3' and a reverse primer:
5'-CAGGTATGCGCCCCGCACGGGCTTGGCCCCAAAACACC-3' for L441P; and a forward primer: 5'-GCATACCTGGCCCAGGAGCGAGCCTGTGCGGCAGAGATCG-3' and a reverse primer:
5'-CGATCTCTGCCGCACAGGCTCGCTCCTGGGCCAGGTATGC-3' for R453C).
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Apoptosis assay
The Annexin-V-FLUOS Staining Kit (Roche) was used to detect apoptotic cells. The cells were harvested and resuspended in Annexin-V-FLUOS buffer, and the stained cells were observed under fluorescence microscope (model BZ-9000; Keyence).
ROS assay
ROS levels were determined by using the ROS-Glo H2O2 Assay kit (Promega) and CM-H2DCFDA (Life Technologies) following the manufacturer's protocols. For ROS-Glo H2O2 staining, the cells were incubated at 37°C for 3 h in DMEM containing 25 M H2O2
Substrate that reacts with H2O2 to generate a luciferin precursor. Afterwards, ROS-Glo Detection Solution containing recombinant luciferase was added to the medium, and luminescence was measured using a Mithras LB940 luminometer (Berthold, Bad Wildbad, Germany). For CM-H2DCFDA staining, cells were stained with 1 μM CM-H2DCFDA for 10 min at 37°C and trypsinized, and the fluorescence was measured using a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).
Immunofluorescence
For immunofluorescence analysis, the cells were fixed with 4% paraformaldehyde, 
